High-resolution electrophoresis has revealed 10 allozymes of esterase-6 (EC 3.1.1.1) in Drosophila melanogaster. The sequences of 13 isolates of the Est6 gene covering all 10 allozymes were obtained and 52 nucleotide differences were found. Sixteen of these cause amino acid replacements, of which three result in charge differences whose size and direction are consistent with the electrophoretic mobilities of the allozymes in which they occur. The smeared electrophoretic phenotype of one allozyme can be explained by the loss of a cysteine residue involved in a disulfide bridge. Several minor mobility variants within the major F and S electrophoretic phenotypes differ by amino acid substitutions that are generally conservative for charge but not for some other properties (size, polarity, or hydrophobicity). Four amino acid differences are found among different isolates of the same allozymes and, overall, 12 amino acid haplotypes occur among the 13 isolates sequenced. Nevertheless, the most common variants within F and S are distinguished by only two amino acids (Asn/Asp at 237 and Thr/Ala at 247), and these are the most likely targets for the selection underlying complementary latitudinal clines in F and S frequencies.
Two major difficulties have beset attempts to elucidate the adaptive significance of specific enzyme polymorphisms. The first concerns the lack of information on gametic disequilibrium between the locus of interest and variation at nearby but unknown loci; the second concerns the true amount and nature of molecular polymorphism underlying electrophoretic phenotypes (1) . The first difficulty has largely been overcome for the esterase-6 (EST6; carboxylic-ester hydrolase, EC 3.1.1.1) polymorphism ofDrosophila because parallel latitudinal dines in gene frequency occur for the same allozymes in both D. melanogaster and its sibling species D. simulans (2) . These species are thought to have diverged [8] [9] [10] million years ago (3) , suggesting that the Est6 gene itself is probably the unit under selection, as intergenic gametic disequilibrium should have broken down since the divergence of the two species. This paper addresses the second question, concerning the number and nature of polymorphisms for Est6, by comparing the nucleotide sequences of several alleles from D. melanogaster.
High-resolution cellulose acetate electrophoresis has shown five major classes of mobility variants for EST6 in D. melanogaster, with seven minor mobility variants within the most common major classes, F (fast) and S (slow) (4) . Another seven variants within F and S have been resolved by in vitro thermostability criteria (5) , and preliminary analyses of a small number of lines by both electrophoretic and thermostability procedures suggest that the variants detected by the two techniques are not the same (4) . While the adaptive significance of the many minor mobility and thermostability variants is unknown, there is biogeographical (2), biochemical (6) , and behavioral (7) evidence that the major F and S classes differ under natural selection. This paper identifies the specific amino acid polymorphisms that cause the biochemical differences between the F and S classes of EST6, which are likely to be the primary targets for the selection underlying the clines. §
MATERIALS AND METHODS
Cooke et al. (4) used high-resolution cellulose acetate electrophoresis to resolve 10 polymorphic EST6 allozymes in a population from Coffs Harbour, Australia. Nine allozymes giving sharp bands on electrophoresis were denoted 1 through 9 in decreasing order of anodal mobilities. Allozyme 10 had a smeared electrophoretic phenotype. These 10 allozymes cluster within the five major EST6 variants described by traditional electrophoretic procedures as follows: 1, VF; 2, F'; 3-5, F; 6-9, S; 10, U.
Eleven of the 13 Est6 gene sequences presented here were obtained from lines characterized by Cooke et al. (4) . One isolate each was sequenced for 9 of the allozymes. Two isolates were sequenced for allozyme 4, and these are designated 4a and 4b. The other two Est6 sequences have been reported elsewhere. One isolate was a genomic clone from an Indiana strain homozygous for allozyme 8 (8) . The other was a cDNA clone from an Oregon-R strain homozygous for allozyme 9 (9) . These 2 isolates are designated 8US and 9US.
Genomic clones of the Est6 gene were extracted from the 11 Australian lines by standard procedures using bacteriophage AgtlO as the vector (10, 11) and the Est6 cDNA clone as a probe (9 . NA retic mobility. Moreover, the distribution of these amino acid * * o * * * * * * * * NA differences across allozymes (Fig. 3) suggests that they are responsible for distinguishing four of the five major mobility e and inferred amino acid differences among the variants (the smeared phenotype of the fifth, U, being due to te 8 is taken as the reference and differences are the loss of Cys-514). The greater anodal mobility of F relative otides are numbered from the A of the initiation to S can be explained by the polymorphism at 237 for the Is from the first residue of the mature protein.
negatively charged aspartic residue and neutral asparagine e used for the amino acids. Isolate 9US was a residue, respectively. Likewise, the F'/S difference can be NA = not available, attributed to the polymorphism at 361 for the neutral methiotions result in amino acid replacements, 12 nine and positive lysine, and the VF/F difference to the exon II. The proportion of polymorphic polymorphism at 150 for the neutral tryptophan and positive cement sites is 1.2 ± 0.3%, which is arginine. Although these three polymorphisms all involve he two exons (X2 = 0.18, P > 0.05) and nominally similar charge changes, the F'/S mobility differe proportion of polymorphic noncoding ence due to the Met/Lys polymorphism at 361 is about twice 9.1, P < 0.001). (Statistical analyses were as great as the F/S and VF/F mobility differences. This might istralian lines only.)
suggest that residue 361 is more exposed to the surrounding locations of the 16 inferred amino acid solvent than are residues 237 and 150, and this is indeed the 544-residue primary sequence of the indicated by the hydropathy analyses (Fig. 4 ).
Population With the exception of allozyme 6, all the minor mobility variants within each of the major F and S classes have the same haplotype for the three charge-nonconservative amino acid polymorphisms. The minor mobility differences are presumably due to other amino acid polymorphisms that have some small effect on mobility because they alter EST6 conformation. However, it is difficult to determine which specific polymorphisms affect conformation because of the large number that are segregating.
The exceptional allozyme 6 has the same haplotype as the F variants for the three charge-nonconservative polymorphisms but is classified electrophoretically as S (albeit the "fastest" of the S variants). This from the same population. Isolates 9 and 9US also differ for three amino acid polymorphisms, the Asn/Ser at 498, as well as the two at 388 and 487, which also segregate between 4a and 4b. The Asn/Ser polymorphism at 498 must have some effect on mobility, since it alone distinguishes 9US from alloyzme 8. Likewise, either or both of the polymorphisms at 388 and 487 must have a similar effect on mobility, since they distinguish isolate 9 from allozyme 8. Our conclusion from the indistinguishable mobilities of isolates 9 and 9US is therefore not that the polymorphisms do not affect mobility, but rather that a particular mobility state can be achieved by different amino acid haplotypes. We further suggest that the same interpretation applies to the two isolates of allozyme 4, since they share two of the same polymorphisms.
DISCUSSION
There is a 6-fold higher proportion of nucleotide polymorphisms in amino acid nonreplacement sites than in replacement sites in the Est6 gene. This suggests that purifying selection has acted to remove substantial amounts of amino acid polymorphism from EST6 and to conserve its amino acid sequence.
Sixteen amino acid polymorphisms were found among the 10 EST6 allozymes detected by high-resolution electrophoresis, and the average difference between any two allozymes was 4.1 amino acids. These results contrast directly with the findings for alcohol dehydrogenase in D. melanogaster, where analyses of a similarly sized data set revealed only 2 amino acid differences among the three polymorphic allozymes and no electrophoretically cryptic amino acid haplotypes at all (19, 20) .
In theory, recombination among the 16 amino acid polymorphisms for EST6 could generate up to 216 haplotypes. The actual number will be far fewer because gametic disequilibrium among several polymorphisms is high. Nevertheless, we note that 12 of the 13 isolates sequenced differ in amino acid haplotypes, suggesting that many more would be identified in a larger sample. We conclude that a substantial proportion of EST6 haplotypes will be cryptic, even to high-resolution electrophoretic procedures. The two most polymorphic amino acid differences in EST6 are Asn/Asp at 237 and Thr/Ala at 247, which are in strong gametic disequilibrium with each other and with the major F/S electrophoretic mobility difference (Fig. 3) . The charge difference associated with the Asn/Asp difference at 237 presumably causes the mobility differences between F and S but, given their close proximity and strong disequilibrium with each other, either or both polymorphisms could cause other biochemical differences observed between the two allozymes. Purified EST6-S is more thermostable, has greater catalytic efficiency, and is more susceptible to inhibitors than is purified EST6-F (6). Thermostability differences imply effects on conformational stability, whereas differences for catalytic and inhibition characteristics suggest effects on the active site or substrate-binding cleft of EST6. All three effects are consistent with the proximity of the two polymorphisms to a disulfide bridge between Cys-240 and Cys-252, since the active sites of other serine hydrolases with similar catalytic mechanisms are known to be stabilized by a disulfide bridge (13, 15, 21) . The physicochemical basis for these effects could involve the charge difference due to the Asn/Asp substitution or the large polarity difference due to the Thr/Ala substitution (Fig. 3) .
On the basis of the evidence above, we propose that one or both of the polymorphisms at 237 or 247 are the primary targets for the selection underlying the F/S latitudinal lines. We cannot dismiss the alternative hypothesis that the two polymorphisms only serve as markers for other linked variants, which are the actual targets for selection. However, none of the other 50 nucleotide polymorphisms described here are in such strong gametic disequilibrium with the F/S Population Biology: Cooke and Oakeshott 1430 Population Biology: Cooke and Oakeshott difference. Moreover, the likelihood that the target of selection lies outside the sequenced region is reduced by the finding of similar F and S allozymes showing similar latitudinal dines in D. simulans (2) . Unless the selected and marker polymorphisms are very closely linked or subject to strong epistatic selection, the disequilibrium between them would have largely decayed since speciation, and parallel dines in F and S frequencies would not now be found in the two species.
Some clues on the evolutionary history of the F/S polymorphism can be obtained from the present data. The overall level of noncoding nucleotide polymorphism is significantly greater among the F isolates than among the S isolates (32 polymorphisms among isolates 3, 4a, 4b, and 5, compared to 14 among isolates 6, 7, 8 , and 9; X2 = 7.04, P < 0.01), suggesting that F is ancestral to S. (Phenetic trees based on the nucleotide differences support this contention but are not shown here because they are confounded to an unknown extent by recombination and gene conversion.) Furthermore, within S, the two isolates of allozyme 8 have identical sequences. Yet allozyme 8 was by far the most common minor mobility variant in the population Cooke et al. (4) subjected to high-resolution electrophoresis. Taken together, these data suggest that allozyme 8 has both arisen and proliferated relatively recently. Clearly, these temporal changes may interact with the latitudinal lines; however, it will not be clear how until other latitudinally disparate populations of both D. melanogaster and D. simulans are analyzed for high-resolution electrophoretic variants of EST6 and some representative EST6 allozymes from D. simulans are sequenced.
There are three other relatively polymorphic amino acid differences among the EST6 isolates: Thr/Ile at 3, Leu/Val at 388, and Ser/Ala at 487, each of which occurs in more than one relatively common allozyme. Some of the haplotypes generated by these polymorphisms may represent the electrophoretically cryptic thermostability variants known to occur within the major F and S allozymes (4, 5) . Direct evidence that the polymorphisms at positions 3, 388, and 487 generate thermostability variation awaits the sequencing of known thermostability variants, since none of the 13 isolates analyzed here have been scored for their thermostability phenotype. However, some effects on conformational stability might be expected for the three polymorphisms, which are relatively nonconservative for physicochemical properties and only one of which (the difference at residue 3) is in a clearly hydrophilic region likely to be on the protein surface.
Of the remaining 11 amino acid replacements, 10 occur in only one isolate each, and the other, Arg/Lys at 471, is confined to two relatively uncommon allozymes, 6 and 10. Some of these less common polymorphisms (Arg/Trp at 150, Lys/Met at 361, and Cys/Thr at 514) are associated with the less common major mobility variants VF, F', and U, and others (e.g., Asn/Ser at 498) may be associated with minor mobility variants. Still others may be cryptic to electrophoresis. On physicochemical grounds it seems unlikely that 1 of these 11 less common polymorphisms, Cys/Tyr at 514, which disrupts a disulfide bridge, is neutral to natural selection.
However, it is difficult to assess the functional or adaptive significance of the other 10 amino acid replacements, although we note that as a group they are neither more nor less conservative for physicochemical properties than are the 5 more common polymorphisms (Fig. 3) . That these 10 variants were detected at all in the present small sample suggests that, while they may be uncommon, they certainly are not rare. On one hand, the case for their selective neutrality is supported by theory showing that the conditions for the maintenance of many alleles by heterozygote advantage involving constant selection coefficients are unrealistically restrictive (22) . On the other hand, these conditions are greatly relaxed if the selection coefficients are not constant, and a system like EST6, which affects reproductive behavior, may well be subject to variable selection pressures depending on population and ecological parameters.
